Background: Proper understanding of molecular mechanisms underlying gender dimorphism in obesity for better nutritional recommendation is still in early stages. As white adipose tissues (WAT) is most important tissue in obesity metabolism, comparative proteomic analysis of all three WAT deposits at the same time to yield immensely important protein markers was the primary goal of this study. Methods: We performed differential expression analysis of protein profiles of three different WAT viz. subcutaneous, inguinal, and abdominal fat deposits of both genders in lean and obese rats fed a high fat diet (HFD) using a combination of 2-DE and MALDI-TOF-MS. Results: The proteomics analysis enabled us to detect 25, 29, and 46 proteins showing gender differences in three WAT deposits, respectively, to gain insight into cause of higher body weight gain in male in response to HFD. Conclusion: The gender dimorphism found in this proteomic study implies that female rats have a lower tendency to undergo metabolic syndrome manifestation, which is associated with lower reliance on lipid as an energy fuel, lower lipogenesis, as well as increased mitochondrial oxidative capacity. In conclusion, most of the candidate proteins identified herein by differential proteomics were previously unrecognized in gender dimorphism of adipose tissue.
Introduction
Obesity has become a major health problem throughout developed as well as undeveloped countries, and leads primarily to other chronic metabolic diseases such as atherosclerosis and diabetes [1, 2] . Currently, more than one billion adults are overweight, and at least 300 million are clinically obese (WHO, 2009) . Obesity is commonly known as the storage of fat that is hazardous to one's health and obesity can result in hypertrophy as well as hyperplasia of adipocytes.
Adipose tissues are the most important tissue to the progression of obesity, and white adipose tissue (WAT) has been shown to play a major role in the development of obesity. WAT acts as an active endocrine organ and secrets signaling molecules termed as adipokines that are involved in the regulation of food intake, energy homeostasis as well as inflammatory conditions associated with several metabolic complication [3, 4] .
One common phenotype related to mammalian obesity is gender differences, in terms of the development of obesity as well as fat distribution in the body [5] . It is well recognized that gender differences in obesity originate mainly from metabolic and hormonal differences between the sexes [6] . The differential development of obesity in males and females result from the social and cultural factors, but the most profound cause is biological factors including differences in body fat distribution, energy balance, and hormonal effect [7] [8] [9] [10] . However, gender differences in obesity and other metabolic disorders cannot be explained simply by the action and presence of sex hormones in a gender-different manner [11] . Although it has been hypothesized that sex is a strong influencing factor in health and illness, development of gender-specific medication is still in its early age [12] . Broader gendersensitive knowledge of metabolic diseases like obesity provide basic interventions and allow prevention as well as treatment by matching different needs of men and women such as the development of gender-specific medicine and various health policies [13] .
In our previous studies, we investigated genderdependent protein expression in plasma [14] , skeletal muscle [15] , brown adipose tissue [16] , and liver [17] of rats in response to HFD treatment and found existence in clear gender dimorphism. To date, proteome profiling of adipose tissues has been established by many investigators, focusing mostly on a specific fat deposit [18] [19] [20] . However, due to their diverse physiological roles in metabolic syndromes, a separate proteome profiling against different fat deposits is needed. We therefore analyzed the proteomes of three different types of WAT viz. subcutaneous, inguinal, and abdominal WAT, and attempted to identify marker proteins in relation to obesity with special attention to gender dimorphism from each WAT.
Materials and Methods

Animals and breeding conditions
Male and female SLC Sprague-Dawley (SD) rats were purchased from Daehan Experimental Animals (Seoul, Korea) at 5 weeks of age, and were housed one per cage in a temperature (23±2°C) and humidity (55%)-controlled room with a 12 h light/ dark cycle. Rats were provided free access to standard chow and tap water for an adaptation period of 1 week. Male and female rats were randomly divided into two groups, where 20 rats were fed a normal diet (ND, 12% calories from fat; control group) and 20 rats were fed a high fat diet (HFD, 45% calories from fat). Rat foods were purchased from Feed Korea Lab (Hanam, Korea) and the dietary composition of these feeds is shown in Table 1 . All rats and foods were weighed every week for 8 weeks. Rats were food deprived for at least 12 h before Mukherjee/Choi/Choi/Oh/Liu/Yun Table 1 . Composition of diets used in this study. a)Mineral mix; sucrose (118.03 g/kg), calcium phosphate dibasic (500 g/ kg), sodium chloride (74 g/kg), potassium citrate (220 g/kg), potassium sulfate (52 g/kg), magnesium oxide (24 g/kg), magnesium oxide (24 g/kg), manganous carbonate (3.5 g/kg), ferric citrate (6 g/kg), zinc carbonate (1.6 g/kg), cupric carbonate (0.3 g/kg), potassium iodate (0.01 g/kg), sodium selenite (0.01 g/kg), chromium potassium sulfate (0.55 g/kg). b)Vitamine mix, sucrose (981.15 g/kg), thiamine (0.6 g/kg), vitamin E acetate (500 IU/g; 10 g/kg), niacin (3 g/kg), calcium pantothenate (1.6 g/kg), vitamin B12 (0.1%; 1 g/kg), vitamin A palmitate (500,000 IU/g; 0.8 g/kg), pyridoxine (0.7 g/kg), riboflavin (0.6 g/kg), vitamin D3 (400,000 IU/g; 0.25 g/kg), folic acid (0.2 g/kg), menadione sodium bisulfate (0.08 g/kg), biotin (0.02 g/kg). c)TBHQ, tert-butylhydroquinone.
Cell Physiol Biochem 2012;29:617-634 being sacrificed and were anesthetized with 3% diethyl ether. These experiments were approved by the Committee for Laboratory Animal Care and Use of Daegu University. All procedures were conducted in accordance with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health.
Preparation of WAT sample for two-dimensional electrophoresis (2-DE)
The rats were fasted overnight and anesthetized using diethyl ether prior to sacrifice. After sacrifice, inguinal, abdominal, and subcutaneous WAT were immediately collected and washed in saline water, pulverized in liquid nitrogen and finally stored in -80°C. For the 2-DE experiments the tissues were homogenized in 300 μl rehydration buffer containing 7 M urea, 2 M thiourea, 4% CHAPS, 20 mM DTT, 1 mM PMSF, 2% IPG buffer (ampholyte 3/10, Bio-Rad) and a trace of bromophenol blue with homogenizer (PT 1200E, Kinematica Ltd., Luzern, Switzerland) on ice. The homogenate was then centrifuged for 15 min at 14000 xg followed by TCA precipitation method. After the protein pellet was dried, it was resuspended in 200 μl rehydration buffer. The protein content was calculated quantitatively by the Bradford method [21] . After quantitative protein measurement, the proteins samples were pooled by mixing 150 μg from each of the 7 protein sample. This mixture was then used as protein sample for further 2-DE experiments.
2-DE
2-DE was performed three times using each pooled WAT protein samples from seven rats per group, which consisted of the control group, who were fed an ND, and the obese group, who were fed an HFD. The same diet was provided to both male and female rats. 2-DE experiments were conducted using previously described methods [22] . Briefly, immobilized pH gradient (IPG)-isoelectric focusing (IEF) of WAT samples was performed on pH 3-10 and 18 cm IPG DryStrips (GE Healthcare, Buckinghamshire, UK) in a PROTEAN IEF cell (Bio-Rad) using the protocol recommended by the manufacturer. IPG strips were rehydrated passively for 24 h in strip holders with 350 μL of rehydration solution, which included 7 M urea (Bio Basic, Ontario, Canada), 2 M thiourea (Sigma-Aldrich, St. Louis, MO, USA), 4% CHAPS (Bio Basic), 1 mM PMSF (Sigma-Aldrich), 20 mM DTT (GE Healthcare), and 2% IPG buffer (Bio-Rad), and WAT protein of 150 μg. IEF was conducted as follows: 15 min at 250 V, 3 hr at 250-10,000 V, 6 hr at 10,000 V, and then held at 500 V until ready to run the second dimension. After focusing, gel strips were equilibrated in a solution containing 6 M urea, 2% SDS (Generay Biotech, Shanghai, China), 1% DTT, 30% glycerol (Bio Basic), and 50 mM Tris-HCl (pH 6.8) for 20 min, followed by further incubation in the same solution, except DTT was replaced with the 2.5% iodoacetamide (Bio-Rad) for an additional 20 min. Gel strips were then placed onto a 20x20 cm 12% polyacrylamide gel for resolution in the second dimension. Fractionation was performed using the Laemmli SDSdiscontinuous system at a constant voltage of 15 mA per gel for 14 h. For image analysis and peptide mass fingerprinting (PMF), a total of 36 gels, including 3 gels per group with separated proteins were visualized by silver staining. Silver staining was performed as follows. Gels were fixed over a period of 30 min in 50% ethanol (Duksan Pure Chemicals, Ansan, Korea) and 5% acetic acid (Duksan Pure Chemicals), followed by 10 min in 30% ethanol. The gels were then washed with water for 5 min three times. Gels were sensitized for 10 min in 0.02% sodium thiosulfate (Sigma-Aldrich), followed by 0.5 min washes in water three times, and incubated for 25 min in 0.3% silver nitrate (Kojima Chemicals, Sayama, Japan). After two 0.5 min water washes, proteins were visualized using the developing solution (3% sodium carbonate; Duksan Pure Chemicals), 0.02% sodium thiosulfate, 0.05% formalin (DC Chemicals, Incheon, Korea), and stopped with 6% acetic acid.
Image acquisition and data analysis Gels were imaged on a UMAX PowerLook 1120 (Maxium Technologies, Akron, OH, USA) and the images were compared using modified ImageMaster 2-D software V4.95 (GE Healthcare). Protein spots were automatically detected using the software and the spots were edited manually if necessary. For each experiment, a reference gel was selected from gels of the normal group and spots detected from the other gels were matched to those in the reference gel. Relative optical density and relative volume were also calculated to correct for differences in gel staining. Each spot intensity volume was processed by background subtraction and total spot volume normalization. The resulting spot volume percentage (%Volume) was used for comparison as described previously [23, 24] .
Protein identification
For protein identification, protein spots were excised, digested with trypsin (Promega, Madison, WI), mixed withcyano-4-hydroxycinnamic acid in 50% acetonitrile/0.1% trifluoroacetic acid, and subjected to matrix-assisted laser desorption/ionization-time-of-flight (MALDI-TOF) analysis (Ettan MALDI-TOF Pro, GE Healthcare). Spectra were collected from 350 shots per spectrum over a m/z range of 600-3000 and calibrated by two point internal calibration using trypsin autodigestion peaks (m/z 842.5099, 2211.1046). Peak lists were generated using the Ettan MALDI-TOF Pro Evaluation Module (ver. 2.0.16). The threshold used for peak-picking was as follows: 5,000 for minimum resolution of monoisotopic mass and 2.5 for S/N. The search program MASCOT (Mascot Sever 2.3), which was developed by the Matrixscience (http:// www.matrixscience.com), was used for protein identification by PMF. The following parameters were used for the database search: trypsin as the cleaving enzyme, a maximum of one missed cleavage, iodoacetamide (Cys) as a fixed modification, oxidation (Met) as a variable modification, monoisotopic masses, and a mass tolerance of ± 0.1 Da. The MASCOT probability-based MOWSE (molecular weight search) score was calculated for PMF. The protein score was -10*Log (P), where P was the probability that the observed match was a random event, and greater than 61 was considered significant (p<0.05).
Immunoblot analysis
The levels of five proteins identified in the 2-DE protein map of three WAT types were confirmed by immunoblot analysis. Tissue lysates were prepared with RIPA buffer (SigmaAldrich), homogenized, and centrifuged at 12,000 xg for 20 min. The extract was diluted in 5X sample buffer (50 mM Tris of pH 6.8, 2% SDS, 10% glycerol, 5% -mercaptoethanol, and 0.1% bromophenol blue) and heated for 5 min at 95 C before SDSpolyacrylamide gel electrophoresis (PAGE) using 6, 8, 10, or 12% acrylamide gels. After electrophoresis, samples were transferred to a polyvinylidene difluoride (PVDF, Santa Cruz Biotechnology, Santa Cruz, CA, USA) membrane and blocked for 1 h with TBS (Tris-buffered saline)-T buffer (10 mM TrisHCl, 150 mM NaCl, 0.1% Tween 20 containing 5% skim milk). The membrane was rinsed with 3 changes of TBS-T buffer, followed by incubation for 1 h with a 1:1000 dilution of primary monoclonal antibody anti--actin, anti-MDH, anti-EHD2, anti-CK, anti-GP, (Santa Cruz Biotechnology), and anti-FAS (Cell Signaling Technology, Beverly, MA, USA) in TBS-T buffer containing 1% skim milk. After 3 washes, the membrane was incubated for 1 h with horseradish peroxidase-conjugated antigoat IgG, anti-mouse IgG, or anti-rabbit IgG secondary antibody (1:1000, AB Frontier, Seoul, Korea) in TBS-T buffer containing 1% skim milk and developed using enhanced chemiluminescence (ECL; GE Healthcare). Immunoblot analysis was performed by scanning with a UMAX PowerLook 1120 and digitalized using image analysis software (KODAK 1D, Eastman Kodak, Rochester, NY, USA).
Statistical analysis
All experimental results were compared by one-way analysis of variance (ANOVA) using the Statistical Package for Social Science (SPSS, version 14.0K) program and data were expressed as the mean ±SD. Group means were considered significantly different at p<0.05, as determined by the protected least-significant difference (LSD) when ANOVA indicated an overall significant treatment effect (p<0.05).
Results
HFD-induced phenotypes in male and female rats
At the beginning, body weight and food intake of ND and HFD rats were nearly identical for both male and female rats (data not shown, see ref. [14] ). However, after 2 weeks, body weight and food intake of the HFD rats were higher (p<0.05) than those of ND rats at all subsequent time points in both genders [14] . Total body gain per food intake of HFD fed male rats was higher in female by an average of approximately 30% (p=0.001). In addition, body weight and food intake were found to be significantly higher in male rats than in female rats in both groups [14] . Differences in food efficiency of the rats were also observed between genders [14] . These collective results from animal experiments prompted us to perform further proteomic studies.
Proteomic analysis of WAT proteins
High throughput 2-DE-based proteomic approaches were conducted using pooled protein samples from seven rats for subcutaneous, inguinal and abdominal WAT type to obtain three gel replicas of each group. Each IEF (pH 3-10) strip was hydrated with 150 μg protein and separated for the first dimension followed by 12% (w/v) SDS-PAGE for the second dimension. Table 2 .
Cell Physiol Biochem 2012; 29:617-634 or diets among the 354, 324, and 454 spots were identified in subcutaneous, inguinal, and abdominal WAT, respectively ( Fig. 1) , with high confidence based on MALDI-TOF/MS and database searches ( Table 2) .
Gender-dependent differential expressions of WAT proteins
In each WAT type, the total spots were divided into five groups depending on gender specific expression pattern viz. gender different in both ND and HFD rats with higher protein abundances in males (Group I), gender different in both ND and HFD rats with higher protein abundances in females (Group II), gender different in both ND and HFD rats with opposite protein abundances between the genders (Group III), gender different only in HFD rats (Group IV), and gender different only in ND rats (Group V). Table 2 , for subcutaneous WAT, 3 proteins were categorized into Group I, including zero beta globulin, desmin (DES), and serine/cysteine peptidase inhibitor. A total of 7 proteins were included in Group II (e.g. ezrin, NADH dehydrogenase, aflatoxin B1 aldehyde reductase, annexin A1, beta enolase, malate dehydrogenase, and creatine kinase M type). Interestingly, an actin related protein 3 homolog showed gender-dependent expression but the protein abundances were the opposite between the genders (Group III). Among these protiens, DES and NADH dehydrogenase showed the highest gender differences in both ND and HFD rats. We also identified six proteins showing significant gender-dimorphism only in HFD rats (Group IV), and eight proteins were genderdependently expressed only in ND rats (Group V, Table  2 ).
Subcutaneous WAT As listed in
Inguinal WAT Group I proteins identified in inguinal WAT include hydroxyacyl CoA dehydrogenaase, fructose bisphosphate aldolase C, fatty acid synthase, rat mitochondrial 3,2 enoyl-CoA, S acyl fatty acid synthase thioesterase, NADH dehydrogenase (ubiquinine), ester hydrolase CII or f54 homolog, carbonic anhydrase 2. Group II contained proteins with various functions such as albumin, vinculin, protein disulfide isomerase associated 3, mimecan, biliverdin reductase A. Group III included two proteins (e.g. cathepsin D and rat enoyl CoA hydratase), which have been reported with connection to obesity. Among these, S acyl fatty acid synthase thioesterase, biliverdin reductase A and rat enoyl CoA hydratase showed the most significant gender-different expression under both dietary conditions. In this deposit, we also detected several proteins showing gender-differences only in either ND (eight proteins) or HFD rats (six proteins) ( Table 2) .
Gender-dependent Protein Expression in White Adipose Tissues Table 2 . List of proteins showing gender-dependent expressions in three different white adipose tissues of lean and obese rats 1) NCBI nr database accession number. 2) The nominal mass is the integer mass of the most abundant naturally occurring stable isotope of an element. The nominal mass of a molecule is the sum of the nominal masses of the elements in its empirical formula. 3) Notations for experimental group division: ND, control rats fed a ND; HFD, rats fed a HFD. 4) Statistical significance was determined by ANOVA test, where p-values is *p<0.05 and **p<0.01. */** indicates the p value of each gender different protein in ND/ HFD or in both. 5) Protein scores greater than 61 are significant (p<0.05).
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Abdominal WAT
The current proteomic analysis revealed that the highest number of proteins showing gender dimorphism occurred in abdominal WAT among the three deposits. A total of 48 proteins showed gender differences at least in ND or HFD rats. Group I contained some metabolically important proteins such as glycerol 3 phosphate dehydrogenase, NADH dehydrognase, and L-lactate dehydrogenase as well as other miscellaneous proteins including tpil protein, EH domain containing protein 2, aryl sulfotransferase, dipeptidyl peptidase 3, cysteine sulfinate decarboxylase, and glucose regulated proteins. Table 2 . Data are expressed as mean values ± SD of the volume density (%) of the changed spot in 3 individual gels using pooled WAT (3 types) from 7 rats per group. Table 2 . Data are expressed as mean values ± SD of volume density (%) of the changed spot in 3 individual gels using pooled WAT (3 types) from 7 rats per group. These proteins have p values <0.05 when comparing males and females fed ND and/or HFD. Statistical significance between male (M) and female (F) rats as well as ND and HFD was determined by ANOVA test, where p values were * p<0.05 and ** p<0.01 (between genders) and † p<0.05 ; † † p<0.01 (between diet groups). Mukherjee/Choi/Choi/Oh/Liu/Yun and glycogen phosphorylase exhibited the most significant gender-specific differential expression of each three group, respectively. Apart from these, the total number of proteins showing gender differences only in either ND or HFD rats was determined to be 8 and 15, respectively, in abdominal WAT. 
Validation of 2-DE data by immunoblot analysis
To varify the 2-DE proteomic data, the abundances of five proteins were further confirmed by immunoblot analysis. The protein levels of the three proteins of interest in abdominal WAT (e.g. EDH2, GP, and CK) and malate dehydrogenase (MDH) in subcutaneous WAT as well as FAS (fatty acid synthase) in inguinal WAT were confirmed. As shown in Fig. 6 , the protein abundances of all examined proteins were in agreement with the data obtained from 2-DE analysis, demonstrating successful validation of our proteomic data.
Discussion
In the current proteomic study of three different WAT, we identified numerous proteins showing gender-dependent expression after 8 weeks breeding period. For many of these proteins, this was the first study to demonstrate a connection with obesity. To more easily interpret the proteomic data, we categorized these proteins into five groups as illustrated in Table 2 . Due to space limitation, several representative proteins showing the most significant gender differences in each group but excluding group V (included proteins which are gender-dependently expressed only in ND rats) were discussed.
Proteins showing gender differences with higher abundances in both ND and HFD male rats (Group I)
In subcutaneous WAT, one of the most important findings was gender-specific differential expression of DES and serine/cysteine peptidase inhibitor (SERPIN). We found a significantly higher amount of DES in males both in ND and HFD rats (Fig. 2) . DES is an intermediate filament protein and one of the major glomerular injury markers [25, 26] . A recent study demonstrated that during diet-induced obesity, more ceramide as well as other sphingolipids were produced as a result glomerular injury, and DES levels were elevated in HFD-induced obese models [27] . Our current data showed that both genders have elevated levels of DES in HFD rats, but this effect was more pronounced one in males, which was correlated with their higher weight gain. This is the first report of gender-different regulation of DES in HFD-induced obesity.
Our data showed higher concentration of SERPIN in males for both diets. SERPIN or plasminogen activator inhibitor (PAI) is a member of serpin family and is responsible for inhibiting fibrinolysis [28] . Griffiths et al. [29] reported that adipose tissue secretes fibrinolytic proteins including PAI, and during weight loss by the use of metformin or thiazoladinediones, plasma PAI levels were reduced. Collectively, a higher concentration of PAI may lead to elevated inhibition of fibrinolysis in males (Fig. 2) , which may result in a higher risk of cardiovascular disease in males than females.
In the case of inguinal WAT, the most important finding was the detection of higher concentrations of two lipogenic enzymes, FAS and S acyl fatty acid synthase thioesterase (OLAH), in males (Fig. 2) . Both enzymes are actually part of an enzyme complex involved in fat synthesis [30, 31] . Therefore, our proteomic data is likely to be associated with the fact that males are more susceptible to lipogenesis and ultimately obesity when expose to HFD.
Another important observation in this proteomic study was that higher protein abundances of mitochondrial hydroxyacyl CoA dehydrogenase (HADH) were observed in males for both ND and HFD (Fig. 2) . HADH is a well established mitochondrial glucose metabolizing enzyme in skeletal muscle [32] . Its higher concentration indicates greater consumption of glucose as an energy fuel, and is probably related to more fat deposition in males. According to a report by Bouwmann et al. [33] , this enzyme may be related to higher fatty acid oxidation to increase plasma FFA concentration in males. Both our proteomic and biochemical data support this fact that males have a higher chance to develop insulin resistance as well as obesity. This is the first report demonstrating a possible role of HADH in adipose tissue and gender-different expression in relation to obesity.
Another interesting finding was the observation that males have higher protein levels of fructose bisphosphate aldolase C (ALDOC), which is a major glycolytic enzyme. Importantly, it also mediates the association of F actin with GLUT (glucose transporter) 4 [34] (Fig. 2) . According to Bouwmann et al. [33] , stimulation of ALDOC by insulin or substrate fructose bisphostphate or glyceraldehydes-3-phosphate mediates higher expression of GLUT4 in the membrane and thus promotes GLUT4-mediated glucose uptake for increased triglyceride synthesis. Here, the reduced protein abundance of ALDOC in females when exposed to HFD-fed rats was believed to be associated with lower weight gain through reduced fat synthesis as well as a higher reliance on lipid as an energy fuel.
In abdominal WAT, the most pronounced gender difference in expression was observed for glycerol-3-phosphate dehydrogenase (GPDH) (Fig. 2) . It has already been reported that in human morbid obesity cases, the expression of this enzyme is at least 2-fold higher than the lean counterparts [35, 36] . GPDH is the sole enzyme for the production of glycerol-3-phosphate, which is required for the production of ample triacylglycerol (TAG) in obesity. In addition, GPDH-knockout mouse also become less obese even when feed HFD. In the current study, males were shown to have higher amounts of GPDH than females under both dietary conditions, which was greater in HFD-fed rats. This may explain the higher adipose tissue mass in males.
Another important finding in the current proteomic study was the higher levels of dipeptidyl peptidase 3 (DPP3) in males fed both diets (Fig. 2) . This enzyme has been shown to cleave hormones and chemokines in vitro. A previous in vivo study also showed that DPP cleaves glucagon family peptide and glucose-dependent insulinotropic polypeptide [37] . A recent report by Conarello et al. [38] indicated that DDP4-null mice were resistant to HFD-induced obesity and insulin resistance. Our proteomic data support that high protein level of DPP3 is part of obese state as it was highly expressed in abdominal WAT of HFD male rats. Taken together, we believe that DPPs are important factors for controlling obesity and may play a role in energy homeostasis and food intake.
Similarly, the EH domain containing protein 2 (EDH2) was also expressed in higher concentrations in males compared to females (Fig. 2) . EHD was reported to be expressed in higher levels at the time of adipocyte differentiation or lipid accumulation in 3T3-L1 adipose cells. Also, this membrane protein plays an important role in insulin-mediated glucose uptake [39] . In our proteomic data, males had a greater amount of EH domain containing protein2 (EHD2), implying increased amount of insulinstimulated glucose uptake than females, which facilitates increased fatty acid synthesis and ultimately higher weight gain.
Our proteomic analysis of inguinal WAT also revealed elevated level of glucose regulated protein 78 (GRP78), which is a well known ER stress protein or chaperon protein in males (Fig. 2) . It has been shown that adipose tissue of obese mice faces severe hypoxic condition as a result GRP along with other ER stress proteins were elevated [40] [41] [42] . Here, higher protein levels of GRP78 in males also reflects a severe obese state in males when expose to HFD.
Proteins showing gender differences with higher abundances in both ND and HFD female rats (Group II)
In subcutaneous WAT, the most interesting result was the higher concentration of annexin A1 (ANXA1) in females. It has been reported that expression of annexin A1 decreases with an increase in differentiation and lipid accumulation in 3T3-L1 adipocytes [43] . Annexin A1-knockout mice were reported to be resistant to the antiinflammatory function of glucocorticoids as well as produce elevated level of IL6 and fat mass [44] . In the current proteomic study, females had a higher amount of annexin A1 (Fig. 3) , which may be related to the reduced fat mass in both ND and HFD rats.
Our proteomic data also revealed the presence of higher levels of mitochondrial NADH dehydrogenase and malate dehydrogenase in females (Fig. 3) , which may be associated with elevated mitochondrial function in glucose metabolism, or it may result from the higher rate of beta oxidation in females [45, 46] . In addition, MDH helps in gluconeogenesis or conversion of glycerol to glucose; thus, the higher MDH concentration in females may ultimately result in reduced a source of glycerol for fatty acid synthesis.
Beta-enolase, an important glycolytic enzyme, also showed higher abundances in females (Fig. 3) , implying a higher rate of phosphoenolpyruvate production, a source of pyruvate and ultimately to acetyl Co A, which can be used in beta-oxidation. An earlier study showed that enolase activity was increased when niacin-bound choronium was used to alleviate HFD-induced obesity [47] . Similarly, our proteomic data revealed that the lower concentrations of beta-enolase in males were observed in WAT of male rats fed a HFD.
Proteomic data of inguinal WAT showed higher concentration of biliverdin reductase A (BVR) in females under both dietary conditions (Fig. 3) . BVR is best known for its antioxidant activity but recently it was shown to play an important role in glucose metabolism as well as insulin resistance [48] . It can also minimize the effect of insulin resistance by taking part in the upstream signaling pathways as an upstream activator of insulin growth factor and MAPK [49] . Our proteomic data demonstrated that females have greater abundances of this protein, which may enhance glucose metabolism and make females more resistant to insulin resistance.
Another important finding in this fat deposit was the higher concentration of protein disulfide isomerase associated 3 (PDIA3) in females (Fig. 3) . It is well established that PDIA3 is a part of the microsomal triglyceride transfer protein (MTP) [50, 51] . Whenever protein disulfide isomerase was separated from MTP, it lost its catalytic activity to transfer to low density lipoproteins [52] . It was reported that when PPAR (peroxisome proliferator-activated receptor) expression increased, MTP gene expression also increased [53] . Thus, MTP may have some function in increasing the rate of fatty acid oxidation, which ultimately resulted in greater weight loss in females than males. Our proteomic data firmly demonstrated for the first time that there were reduced levels of PDIA3 in WAT, although its physiological role is still unknown.
In abdominal WAT, one of the most interesting proteins showing significant gender-differences in expression was guanine deaminase (GDA), which is involved in deamination of guanine to purine metabolism. An earlier proteomic study found that the protein abundances of GDA were decreased in HFD-fed obese rats and its levels increased again upon treatment with anti-obesity agent tungstate [18] . Although the physiological roles of GDA in obesity has not yet been defined, it can be hypothesized that its downregulation in obese rats may be associated with repression of the RhoGTPases signaling pathway, which would provide more guanine for the synthesis of guanosine triphosphate (GTP) [18] .
Of particular interest, higher levels of the adipocyte plasma membrane-associated protein (APMAP) were detected in females for both ND and HFD. Although the precise biological function of APMAP is unknown at present, it is considered a marker of adipocyte differentiation since it is present mostly in mature adipocytes [54] . The higher protein abundances of APMAP in HFD female rats (Fig. 3) were reported in BAT in our previous proteomic study. Taken together, APMAP might play a pivotal role in facilitating lipid metabolism when exposed to HFD in females, but not in males.
Mitogen activated protein kinase 1 (MAPK1), a major signaling factor in many cellular events, also showed gender-different variations. Due to the fact that MAPK can efficiently phosphprylate PPAR , it has been demonstrated that the non-phosphorylated PPAR is more lipogenic [55] . Collectively, higher concentration of MAPK1 in females may have contributed to MAPK1-dependent PPAR inactivation to affect the lipogenic capacity in females.
Proteins showing gender differences but opposite pattern in both ND and HFD rats (Group III)
Interestingly, we identified several proteins showing gender-dependent differential expression in both diet types, but exhibited opposite patterns between the genders (Group III) (Fig. 4) . One of the differentially expressed proteins in the inguinal WAT group was rat enoyl CoA hydratase (EHHADH). This is one of the major lipid metabolic enzymes that facilitate the second step of beta-oxidation [56] . Current proteomic data demonstrated that males had lower abundances of this protein when given HFD. This result suggests that the adaptive capability to utilize fats overloaded in WAT was greater in females, which would further contribute to reduced weight gain by preventing lipid accumulation through the increased rate of beta-oxidation.
Another important protein showing opposite gender differences between the diets was cathepsin D (CTSD), an aspartic protease, which has been shown to degrade insulin and its receptors in liver [57] . This is the first report on gender-different expression of CTSD in adipose tissue of rat. In ND-fed rats, higher protein levels in males may be correlated with lower rate of insulin-stimulated glucose uptake. In contrast, the lower protein abundances of CTSD in females may reflect a higher rate of insulindependent glucose uptake. However, unexpectedly, this pattern was reversed when exposed to HFD. We were unable to interpret this result and thus the physiological significance of this change remains questionable.
In abdominal WAT, more proteins showed the opposite pattern of gender different expression between the ND and HFD rats. The first example is the long chain fatty acid CoA ligase 1 (ACSL1), which is responsible for the conversion of fatty acids to fatty acyl CoAs for their oxidation in mitochondria [31, 58] . When exposed to HFD, the protein levels of ACSL1 was greater in females by a factor of 2 when compared to ND female rats. This result suggests that adaptive capability to utilize fats overloaded in WAT was greater in females, which would contribute to reduced weight gain by preventing lipid accumulation through an increased rate of betaoxidation.
Another important glycolytic enzyme in this group worth discussing was pyruvate kinase M1/M2 (PKM1/ M2), which converts puruvate to phosphoenol pyruvate (PEP). Pyruvate can be used as an energy source in the glycolysis and citric acid cycle. It also acts as a mother molecule of acetyl CoA, which can be used for fatty acid biosynthesis [59] . Our data showed higher amounts of PKM1/M2 in males than females in ND rats, which facilitates the partitioning of pyruvate to PEP for glycolysis. However, when fed a HFD, the protein levels of PKM1/ M2 in males was reduced by a factor of 5, implying reduced capability for the conversion of pyruvate to PEP through glycolysis, and ultimately more accumulated pyruvate for production of acetyl CoA for fatty acid synthesis. Conversely, females had a higher concentration of PKM1/M2 when fed a HFD, suggesting a higher rate of consumption of pyruvate through the glycolytic pathway, which would result in lower concentration of pyruvate for use in fatty acid synthesis.
Similar gender-different regulation was also observed for glycogen phopshorylase (GP), which is a major enzyme for glycogenolysis. This protein has also been reported to be controlled by insulin in adipose tissues [60] . An earlier study also showed that transition from carbohydrate to fat was always followed by glycogen deposition in adipose tissue, thus we hypothesized that HFD male rats have a higher amount of glycogen in adipose tissue [61] . Our proteomic data demonstrated that males have a higher concentration of GP in ND rats than females, raising a possibility for a facilitated glycogen break down than females. However, this phenomenon was reverse when the rats were exposed to HFD, the GP concentrations were significantly reduced in males but not in females. To conclude, higher protein levels of GP rather than enzyme activity dose not directly reflect greater utilization of carbohydrates than fats as an energy fuel.
The higher level of creatine kinase (CK) only in HFD female rats not in ND rats is of significant interest. CK is a well-recognized protein involved in robust energy homeostasis by promoting the reversible conversion of creatine to phosphorcreatine at the expense of ATP [62] . Based on the differential protein levels of CK between the genders, we postulate that males have a greater capacity of energy dissipation than females under normal dietary condition, but females have a greater adaptive capability against high fat loading (in HFD rats). Furthermore, higher levels of CK in HFD female rats suggest a greater capacity for use of phosphocreatine as an energy buffer providing ATP for cytosolic reactions during uncoupling reactions in HFD-induced obese rats.
Proteins showing gender differences only in HFD rats (Group IV)
Proteomic analysis of the three types of WAT enabled us to detect several proteins that showed gender dimorphism only in HFD rats. Of these, OLAH, isocitrate dehydrogenase 3 (NAD + ) (IDH3) of subcutaneous WAT and nicotinamide phosphoribosyltransferase (NAMPT) of abdominal WAT displayed higher abundances in females, whereas the protein levels of glutamine synthatase (GS), glutamic pyruvic transaminase (GPT1) of inguinal WAT and heat shock protein 90 (HSP90) of abdominal WAT were in higher amount in males.
Interestingly, gender-different variations in the protein levels of two glutamine metabolic enzymes were observed in inguinal WAT. Like in subcutaneous WAT, GS was present in higher concentrations in males, which could be related to a higher chance of adipogenesis since this enzyme was reported to be overexpressed by more than a 100-fold during insulin-stimulated adipogenesis in 3T3-L1 adipocytes [63, 64] . Similarly, the levels of GPT1 were also higher in HFD male rats than their female counterparts. GPT1 is an extracellular matrix enzyme of adipose tissue and plays a major role in the glycerogenic pathway as well as in pyruvate formation in adipose tissues [65, 66] . Based on these findings, a higher amount of pyruvate and glycerol in males may be associated with increased lipogenesis. Collectively, it can be hypothesized that both GS and GPT1 directly or indirectly affect the events of lipogenesis or adipogenesis in rat WAT.
When exposed to HFD, only male rats showed a significant increase in HSP90, which was more than 2-fold higher in HFD rats than ND rats. HSP 90 is a member of the heat shock protein family, which is up-regulated in response to cellular stress [67, 68] . Thus, the increase in this protein reflected the severe state of obesity in HFD male rats. In contrast, the protein abundances of isocitrate dehydrogenase 3 (IDH3) were higher in HFD female rats. IDH catalyzes the decarboxylation of isocitrate in the TCA cycle, and this enzyme is the rate-limiting enzyme for the oxidation of TCA cycle substrates [69, 70] . This data supports our hypothesis that females exhibit higher mitochondrial metabolism.
In abdominal WAT, we found another interesting protein that displayed gender-different expression, NAMPT. This protein, which is also known as visfatin, is specifically secreted by visceral adipose tissue. Visfatin exerts insulin-mimicking effects, thereby decreasing blood glucose levels [71] . Our data showed higher concentration of visfatin in females when exposed to HFD, which may contribute to lower blood glucose levels as well as increased fat oxidation to balance the depletion of blood sugar.
Finally, it is worth noting that a different expression pattern of OLAH was observed between subcutaneous and inguinal WAT. As shown in Fig. 2 , the OLAH levels in inguinal WAT were higher in males for both diets. However, its abundances in subcutaneous fat were the highest in female HFD rats without gender-differences in ND rats (Fig. 5) . Considering OLAH's biological functions in lipogenesis [30, 72] , we postulate that OLAH may play an important role in lipogenesis only in subcutaneous fat deposit but not in other fat deposits. Further studies are required to directly test this hypothesis.
As discussed above, our proteomic data revealed that males have a higher amount of lipogenic enzymes compared to females. Some important lipogenic enzymes like FAS, OLAH, GS, GPDH were present in higher concentrations, irrespective of dietary groups and WAT tissue types. On the other hand, females had a higher concentration of numerous mitochondrial enzymes including NDUF1, MDH, IDH3 and PC, which may lead to a higher energy homeostasis or energy dissipation capability in females when compared to males. We believe that these differential protein abundances are closely related with the fact that males gain more weight in response to HFD than females.
Collectively, susceptibility to obesity development in rats fed an HFD may, at least in part, result from differences in the regulation of key lipogenic andoxidation enzymes. In this regard, we hypothesized that male rats undergo slower fat oxidation, thereby leading to excessive accumulation of dietary fat in white adipose tissues when compared with female rats. Similar genderdimorphism was observed in non-exercised mice muscle [73] .
Our comparative proteomic analysis of adipose tissues points to the existence of sex-associated differences in the abundance of numerous proteins. We believe that gender-different protein regulation in adipose tissues resulted from hormonal and metabolic differences. For example, testosterone might induce an increase in leptin production, thereby increasing calorie intake. Estrogen might induce a reduction in adipose mass and adipocyte size, as well as down regulate lipogenic enzymes and shift the partition of FFA towards oxidation and away from TG storage by activation of AMPK (AMP-activated protein kinase) and PPAR. In conclusion, the present proteomic research into gender-dimorphic pathophysiological mechanisms would aid in improving gender awareness in the health care system and in the implementation of evidence-based gender specific clinical recommendations.
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